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Abstract 
The origin of life has long been a mystery to scientists due 
to the absence of preservation of molecular structure from 
millions of years ago. Many hypotheses have been constructed on 
this topic. This paper contrasts the hypotheses of Dr. Christian 
De Duve, known best for his Nobel Prize winning work on the cell 
and the discovery of lysosomes, and Dr. Ronald Fox, a physics 
professor at the Georgia Institute of Technology. De Duve 
believes that thioesters were precursors to pyrophosphate, which 
in turn produced adenosine-s•-triphosphate, or ATP, a molecule 
that is used to supply energy for many of life's processes today. 
Fox L on the other hand, believes that sulfur proteinoids provided 
the connecting point between prebiotic molecules and evolutionary 
energy. 
With the development of higher intelligence also came the 
ability to question. For years, humans have wondered why they 
exist and how they came to be. The evolution of life has long 
been a subject of both debate and research. Scientists have 
devoted much time and effort to unlocking the keys that will 
allow them to answer this fundamental question of the origin of 
life, and have found it an extremely difficult process since 
there has been no preservation of early molecules or energy 
sources. 
1 
_ The chemical definition of life, as seen by Dr. Christian De 
Duve, involves the ability to multiply and develop with help from 
an organism's surroundings in the form of energy and nutrients 
(De Duve, 4). such an organism must be able to "maintain 
itself", by turning that energy input from the environment into 
compounds it can use to manufacture its own structures (both 
internal and external), many times in the form of carbon chains. 
These reactions may in turn need catalysts, which an organism 
would also be required to supply. This biosynthetic process 
described above must be able to be regulated, as would the intake 
and excretion of materials to and from the outside of the 
organism. And all these processes would need to function under 
strict control, especially if the organism would be able to 
reproduce. 
2 
Two necessary processes for an organism to survive today are 
biosynthesis and metabolism. In biosynthesis, energy is 
acquired by molecules through substrate-level phosphorylation 
using ATP (adenosine-5'-triphosphate) due to its three high 
energy phosphate bonds. ATP is the same molecule that is 
generated in metabolism of compounds and is illustrated in Figure 
4. It is a common belief that ATP was not available in prebiotic 
times, and therefore must have evolved. Since it can be used 
today for energy, it signifies the end of the transition from a 
prebiotic energy source to a contemporary one. 
One of the most influential experiments in the evolution of 
life was the one by Stanley Miller and Harold Urey in 1953 (De 
Duve, 109). Miller was a graduate student working under Urey, 
when he tried to recreate the conditions that existed on the 
Earth during primitive times. Miller placed a mixture of gases 
(methane (CH4), hydrogen (H2), water (H20), and ammonia (NH3)) and 
liquid water in a sealed glass container containing electrodes. 
These were an array of gases that were all believed by Urey to 
make up the atmosphere of prebiotic Earth. He then created a 
lightning simulation, in which a continuous electric discharge 
was released into the presence of the heated gases. A week after 
this discharge, the presence of amino acids was detected. 
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The electric discharge created by Miller caused a 
reorganization of the atoms contained in the molecules methane, 
hydrogen, water, and ammonia, and turned them into amino acids, 
the precursors of proteins. This experiment revolutionized the 
scientific theories surrounding the chemical evolution of life. 
If the production of amino acids was this easy, then perhaps it 
was possible for other molecular reorganizations to occur to form 
other macromolecules. The results of the Miller/Urey experiment 
caused other scientists to attempt to create either contemporary 
or primitive macromolecules using different combinations of 
molecules thought to be present within the surface of the Earth, 
using the experiment of Miller and Urey as a model. And many 
scientists, using the parameters of this pioneering experiment, 
developed hypotheses to explain the origin of life. 
Many hypotheses deal with the development of life from the 
primordial broth and ranging through the evolution of an energy 
source, proteins, lipids, RNA (ribonucleic acid), and DNA 
(deoxyribonucleic acid). Many hypotheses also assume that the 
conditions in which these molecules developed were anaerobic (in 
the absence of oxygen). one such hypothesis is that of Dr. 
Christian De Duve. De Duve's hypothesis uses the Miller/Urey 
experiment as a basis for the evolution of life, but what sets it 
apart from the other hypotheses, it that De Duve suggests that 
thioesters, sulfur containing molecules, are responsible for 
supplying the energy for many early reactions involved in the 
molecular evolution of life. De Duve proposes that these 
thioesters "supported the assembly of multimers". Multimers are 
macromolecules that were responsible for the transition from the 
primordial broth to the molecules that are currently associated 
with metabolism and reproduction, process~s that convey the 
properties of life. 
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De Duve claims that a "specific harnessing of energy 
eventually became necessary" in the origin of life (De Duve, 
147). He says that energy must have been integrated into the 
reactions by the use of a source that would have been readily 
used by many substrates to allow them to react into products. In 
current metabolism, ATP is used through substrate-level 
phosphorylation to provide energy from the breakage of 
high-energy bonds between phosphates to allow such reactions to 
occur. De Duve proposes that thioesters used to provide this 
energy. 
A thioester is a molecule with the general structure shown 
in Figure 1. 




According to De Duve, the formation of thioesters in the 
reductive pathway took place "through the condensation of 
carboxylic acids with thiols"(De Duve, 113). This process would 
have taken place in a reaction (assuming high temperature and an 
acidic medium) that is shown in Figure 2. 
Piqure 2: The reductive formation of thioesters (De Duve, 113). 
0 0 
II II 
R1-C-0B + ~-c-s-u ----> ~-s-c-R + B20 <----
carboxylic Thiol Thioester Water 
Acid 
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De Duve states that the production of thioesters was probable due 
to the environmental conditions at the time. He says that, 
The thioester bond is at the root of 
substrate-level phosphorylation, presumably the 
oldest form of metabolic ATP regeneration, in both 
the glycolytic chain and the citric acid cycle. 
It is the precursor of virtually all acyl-ester 
bonds in nature and of many carbon to carbon 
bonds, (De Duve, 148). 
He thinks that the formation of thioesters would occur 
because carboxylic acids and thiols, in his opinion, were 
readily available in the early environment, which he thought 
contained Miller's conditions, as well as hydrogen sulfide 
(H2S) gas. According to De Duve, the presence of hydrogen 
sulfide gas was required to supply the sulfur contained in 
the thioesters, because the other gas molecules found in 
Miller's experiment would not contain this element. De Duve 
states, "Thiols may be expected to form readily under 
prebiotic conditions in the presence of H2S in simulation 
experiments and can act as an efficient catalyst in 
reactions powered by UV radiation" {De Duve, 150 taken from 
Lipmann, 60). 
The UV radiation that he speaks of would be supplied 
from sunlight, which, due to the calculated age of the sun, 
was believed to have been present at this time also, 
providing the ultraviolet rays needed to power the reaction 
in this case. Assuming that the production of thioesters 
9ccurred in the manner stated previously, De Duve states, 
"the free energy of hydrolysis of the thioester bond is 
equivalent to that of the terminal pyrophosphate bond of 
ATP" {De Duve, 150) . 
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Working backwards from ATP for the moment, ATP is 
believed by De Duve to have been evolved from pyrophosphate. 
Pyrophosphate is the compound that most scientists believe 
supplied early energy to the formation of other molecules 
and the metabolism process. The structure of pyrophosphate 
is illustrated below in Figure 3. 







Pyrophosphate is a molecule made from two inorganic 
phosphates and resembles the end of ATP, which contains 
three phosphates. The structure of ATP is shown below i n 
Figure 3. Th e similarity of the linkage between the three 
phosphates in ATP is one reason why there is a fairly common 
belief that ATP was, in fact, a result of the evolution of 
pyrophosphate. 
8 
Figure 4: The structure of adenosine-s•-triphosphate, often 
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The energy that ATP supplies is due to the breakage of 
its phosphate to phosphate bonds. Most often, the breakage 
occurs at the terminal phosphate, then forming ADP 
(adenosine-5'-diphosphate). It is also possible for 
breakage to occur at the bond between the middle phosphate 
and the phosphate closest to the sugar subunit of the 
molecule, forming AMP (adenosine-5'-monophosphate). 
According to De Duve•s hypothesis, since the pyrophosphate 
molecule is hypothesized to be a precursor to ATP, then the 
thioester molecule would be a precursor to pyrophosphate. 
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In De Duve's opinion, the thioester molecule could 
undergo many reactions once it was formed during prebiotic 
times. In the building process, thioesters can be used to 
supply the energy for multimers. One example De Duve used 
was protein synthesis, the combination of amino acids to 
form peptide bonds at the hydroxyl end. The carboxyl end of 
the amino acid chain keeps its thioester linkage in the same 
way that contemporary amino acids keep their linkage to 
transfer RNA. Elongation of the amino acid strand occurs by 
the creation of an amino acid linkage (peptide bond) to an 
"aminoacyl thioester" (De Duve, 150). De Duve suggests that 
in prebiotic times, these proteins, or proteinoids were 
capable of cyclization. This cyclization would occur if the 
amino acid at the carboxyl end would attach itself to the 
opposite end, assuming that the length of the amino acid 
chain is long enough to do so. 
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one reason that cyclization would be important, is 
that, in De Duve•s opinion, this process would produce 
"stable multimers among which active catalysts with specific 
substrate-binding properties are most likely to be found" 
{De Duve,151). In other words, these molecules could become 
specific structures that could bring together reactants to 
facilitate reactions between those substances, ultimately 
resulting in a product that otherwise has a much smaller 
chance of colliding into place. De Duve also suggests that 
these amino acid cyclizations could also incorporate other 
molecules, such as hydroxy acids, within the chain {De Duve, 
151) . 
There is some laboratory research that has existed in 
this area. Wieland {1988) has shown that amino acid chains 
can result from aminoacyl thioesters incubated in an aqueous 
system that is slightly basic. De Duve suggests that this 
process would generate catalysts for its own reactions and 
might possibly support and improve upon its own evolution. 
But proteins were not the only multimers needed to 
begin the evolution of life. The energy required for 
synthesis of these other multimers was provided by UV light 
11 
as well as thioesters (De Duve,152). De Duve thinks that 
many of these reactions were the result of oxidations of 
Fe2•, found in the earth's crust, caused by UV light. He 
states that this type of synthesis reaction would favor the 
products of many multimers with a few exceptions (thioses, 
aldehydes, and ketones) due to "low oxidation/reduction 
potentials" (De Duve, 152). These other molecules would 
need thioester energy and the help of "low-potential 
electron donors (NADH or NADPH)" (De Duve, 152). 
Many thioesters, aldehydes, and ketones are very common 
molecules associated with metabolism. These metabolic 
intermediates may require electron donors that would have 
been supplied by the products of Fe2• oxidation to Fe3• from 
UV light, assuming that De Duve was correct in stating that 
this was abundant. The iron cycle that would provide this 
energy is shown in Figure 5. 
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Figure 5: The iron cycle is believed by De Duva to be 
responsible for providing both oxidations and reductions due 









The above reductions are contemporary ones and assume 
that the reactants are available in abundance, or at least 
in large enough quantities to favor their respective 
products. The splitting of the thioesters causes a removal 
of the sulfur atom and the R1 group associated with it, to 
produce aldehydes and alpha-keto acids. The alpha-keto 
acids would in turn be subject to forming alpha-hydroxy 
acids (by reduction), hydroxy dicarboxylic acids (reductive 
carboxylation), or alpha-amino acids (reductive amination). 
These reactions assume the availability of protons, CO2 , and 
NH4., and are "readily reversible" (De Duve, 153). In the 
reverse of the first two equations, with NAO+ as the 
acceptor for the electrons in the splitting of aldehydes and 
alpha-keto acids, this synthesizes thioesters, and will 
provide the energy for substrate-level phosphorylations. 
Substrate-level phosphorylations are reactions that 
involve an inorganic phosphate molecule attacking another 
substrate, causing a new molecule to be formed. For 
example, if an inorganic phosphate (Pi) attacks a thioester, 
the reaction would look something like the reaction shown in 
Figure 6. 
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Figure§: The attack of an inorganic phosphate on a 




















The above reaction of an inorganic phosphate attack would 
produce an acyl phosphate. De Duve suggests that the energy 
released by the breakage of the thioester bond would be used 
to add on the Pi group, creating a "highly reactive, energy-
rich, acyl-bounds phosphoryl group," (De Duve, 153). 
In other words, a thioester molecule, by releasing its 
energy, has caused the creation of an acyl-phosphate that 
has greater energy than the original thioester. This new 
molecule not only has more energy to facilitate reactions 
with, but is also more universally acceptable in donat i ng 
that energy. This not only solves the lack of energy, but 
also reaches the stage of phosphorylation, which occurs in 
contemporary reactions in the use of ATP and pyrophosphate 
as well. 
Since Weber (1981, 1982) has recreated this substrate-
level phosphorylation in his laboratory without the presence 
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of a catalyst, De Duve assumes that this could have taken 
place in prebiotic times (De Duve, 154). If the acyl-
phosphate molecule could undergo the attack of a second 
inorganic phosphate, again without a catalyst, pyrophosphate 
would be produced along with a carboxylic acid. 
Figure 7: The conversion of an acyl-phosphate to 
pyrophosphate (De Duve, 153). 
0 0 0 
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Since pyrophosphate can easily be used as a supplier of 
energy to many synthesis reactions in the same way as ATP, 
it is believed to be the precursor to ATP. According to De 
Duve, "Through pyrophosphate, the thioester bond could thus 
have supported all the energy needs of protometabolism" (De 
Duve, 154). 
Linking the existence of pyrophosphate to ATP 
production requires the existence of AMP. De Duve assumes 
the existence of AMP as a result of other reactions produced 
with help from thioesters. For example, glycolysis, the 
citric acid cycle, and glyoxylate cycle are all suggested to 
occur due to the presence of pyrophosphate and thioesters 
(De Duve, 155). Fatty acids, lipid esters (phospholipids) 
and the purine rings possibly have all evolved due to the 
presence of the necessary ingredients (De Duve, 155). If 
all these molecules had evolved, then ATP origin would have 
occurred from the reverse of the reaction shown in Figure 6. 
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Piqure 8: Thia figure illustrates the relationship between 
ATP, ADP, AMP, and inorganic phose,hate. The illustration is 
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After the reverse of the reaction in Figure 8, an acyl-
adenylate is formed through the attack of AMP on a 
thioester. This acyl-adenylate would then be attacked by 
pyrophosphate to produce ATP and a carboxylate acid (De 
Duve, 155). De Duve concedes that under current conditions, 
the second reaction probably wouldn't occur due to energy 
problems, but he suggests an abundance of pyrophosphate to 
force the reaction to occur (De Duve, 155). 
The energy problem results from the energy of AMP and 
pyrophosphate (PPi) versus ADP and Pi. Each combination of 
molecules can produce ATP since all three phosphates are 
present. But, ADP and Pi requires 2.4 kcal/gram-molecule 
less than AMP and PPi. This means that if the formation of 
ATP were to occur today in a pool equally full of AMP, ADP, 
Pi and PPi, the most likely combination would be ADP and Pi, 
because it requires less energy to create ATP from a 
molecule that is missing only one phosphate group. 
A very high concentration of AMP and PPi, though, would 
cause more AMP and PPi to become ATP, due to the lack of a 
better, more energetically efficient method using the 
substrates available. 
De Duve does have a second possibility for thioester 
formation. He proposes an oxidative method combining either 
an aldehyde or a carboxylic acid with thiols to produce 
19 
thioesters as shown in t~e bottom reaction in Figure 9. In 
this method, Fe3• is used as an electron acceptor. This 
method does not require the high temperature and pH that the 
reductive method does, and thus avoids some of the possible 
problems (i.e. instability, hydrolysis, etc. These will be 
discussed later in the paper.) associated with the reductive 
conditions. Although escaping some of the problems 
associated with the reductive pathway, there are problems 
with the oxidative pathway as well, such as specificity and 
the assumption of availability of appropriate catalysts (De 
Duve, 162-163). 
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Figure 9: A comparison of the pathways of reduction (at the 
top) and oxidation (at the bottom) in the formation of 
thioestera (De Duve, 158). 
~ High temperature 
Low pH 








R -S - C-R --->- Catalysis 
~----~ ~ Reduction 
2Fe3+ 2Fe2+ 
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The oxidative method stated above also could have 
evolved later in the evolutionary period if and when the 
conditions changed (assuming they were hot and acidic to 
begin with) to cooler and/or having a higher pH (De Duve, 
150). One point also to note is that this pathway, although 
highly specific, does not involve water so it could continue 
to act in an aqueous environment without much problem in 
reversal, as long as the specificity problem is solved. 
There are obviously many assumptions made in De Duve's 
hypothesis that are necessary to prove that thioesters are 
-
responsible for aiding early reactions, but De Duve was not 
the only one to believe that this was the case. A physics 
professor named Ronald F. Fox, from the Georgia Institute of 
Technology, developed his interest in bioenergetics from the 
works of his father, Sydney Fox, Fritz Lipmann, and 
Christian De Duve. 
Fox's hypothesis on the chemical evolution of life is 
based on the concept of uroboros, an ancient symbol of a 
serpent that represents an entity that is "self-generating 
and self sustaining" (Fox, 4). The symbol is that of a 
serpent with its tail in its mouth. Uroboros implies that, 
from its ring, it is continuous and there is no clear 
beginning or end. This model is used to show life because 
"life .•• is a .•• system that has evolved into a state of being 
22 
in which its origins are no longer discernable" (Fox, 4). 
This basically means that the origin of life cannot be 
recreated using the steps that are found in contemporary 
reactions as we know them today. There was an evolutionary 
process that has taken place to the extent that we can not 
recognize a beginning using the complex processes we have 
today. Everything, in a sense, has become intertwined. 
Fox's model begins with the existence of what he calls 
the "primordial dozen" (Fox, 12). It is the existence of: 
hydrogen, carbon, nitrogen, oxygen, sodium, magnesium, 
phosphate, sulfur, chlorine, potassium, calcium, and iron, a 
dozen elements necessary for the processes of life to 
evolve. He also requires silicon and aluminum for the crust 
of the earth, and for the existence of elements involved in 
more complex functions typically those associated with the 
cell, iodine, copper, and zinc must have been present in 
some quantities. 
Miller's experiment using CH4 , H20, and NH3 was also 
influential to Fox, whose father Sydney Fox in 1964 
recreated the same experiment using heat instead of 
electrical discharge to cause hydrogen, carbon, nitrogen, 
and oxygen to combine to produce amino acids in the mixture 
(Fox, 22). 
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Like De Duve, Fox also believed that Lipmann may have 
been right when he stated that the energy from iron 
oxidations/reductions may have led to phosphate bond energy 
(Lipmann, 1971). But instead of placing his faith strictly 
in the form of thioesters, Fox suggests that the coupling 
reduction of iron, (Fe(II) if wet, Fe(III) if dry), might be 
the necessary tool responsible for the energy (Fox, 59). 
Sulfur is a second possibility to provide energy due to the 
reduction potential of sulfite and sulfate during what Fox 
calls the "iron catastrophe" (Fox, 59). This situation 
would be driven by "geophysical conditions" (Fox, 59), which 
means that the temperature and other physical conditions of 
the earth favored the product in these reactions. 
Fox suggests that one of the most important 
evolutionary reactions to occur is substrate-level 
phosphorylation. Other than that of glycolysis, the only 
other substrate-level phosphorylation mechanism exists in 
the bacteria Thiobacillus, which oxidizes sulfur. Since 
sulfur is a key element in both of these pathways, this has 
led Fox to believe that it is involved in providing energy 
for prebiotic reactions even though Thiobacillus 
incorporated this pathway after the formation of the cell 
(Fox, 59). 
24 
There is a key step in glycolysis that involves a 
thioester that Fox suggests is a model for early energy and 
is shown in Figure 10. 
Piqure 10: In Fox•s opinion, thioestera were formed as an 
intermediate for a sulfur-containing enzyme in the 
metabolic process. The role of an enzyme is to act as 
a substrate on which a reaction can occur, not to 



















































l ,3-bisPhosphogl)'cerate Sulfur-enzyme 
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Although this model is intracellular, it illustrates 
the role Fox believed thioesters played in the evolution of 
life. 
1. An enzyme forms a thiohemiacetyl enzyme intermediate 
using a residue of the amino acid cysteine (sulfur 
containing). 
2. The first carbon is oxidized by NAD+ to from a 
thioester, by the oxidation of an aldehyde to a carboxylate. 
3. The thioester is phosphorylated by Pi to make 1,3 
bisphosphoglycerate and the enzyme is returned to its 
original state. 
4. ATP is formed by phosphorylation of ADP. 
The key aspect here is when NAD+ is returned to its 
original state through oxidation/reduction. Fox 
hypothesizes that this step could have occurred in the 
prebiotic world in the presence of "Sulfur proteinoids" 
(Fox, 59). Sulfur proteinoids are chains made up of the 20 
alpha-amino acids formed in the prebiotic world by heating a 
mixture of the amino acids. For example, if amino acids 
were produced by Miller's experiment in the primordial 
broth, and washed up onto the hot rocks of the earth where 
26 
they were linked. They would be washed back into the broth 
in the form of proteinoids (Fox, 60). Sulfur would come 
into play as a component in these proteinoids if the amino 
acid cysteine were present. 
There is a difference between De Duve's sulfur-
containing thioester role and the sulfur proteinoid that Fox 
suggests. De Duve thinks that thioesters provided early 
energy to reactions and then went on to enable the formation 
of pyrophosphate which led to ATP. Fox thinks thioesters 
played a transitional role in the form of enzyme precursors. 
~e says that thioesters were substrates upon which a 
reaction could tale place but other sulfur containing 
molecules provided the reduction coupling to iron that 
produced pyrophosphate, which in turn produced ATP. This 
mechanism used the same idea that De Duve had regarding the 
iron cycle, previously shown in Figure 5. 
In this scheme, a phosphate group attacks a sulfite 
group through an oxidation, forming an intermediate sulfate 
molecule. This molecule is then phosphorylated into 
pyrophosphate with sulfate left at the end. This is an 
example of oxidative phosphorylation, which could occur in 
either acidic or basic pH, and would therefore be a more 
universal reaction. This is also in contrast to De Duve, 
who insists that the sulfur containing molecule (sulfite) 
must have been a thioester. 
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According to Fox's model based on Thiobacillus, active 
sulfate is formed as an intermediate in the reaction. This 
molecule is also called APS, or adenosine-5'-phosphosulfate, 
and contains the same region of active sulfate as the 
intermediate in Fox's sulfite oxidation and formation of 
pyrophosphate, shown in Figure 10. 
28 
Figure 10: The first reaction shown below is Fox•s idea for 
the formation of pyrophosphate converting sulfite to 
sulfate and Fe(III) to Fe(II). The second reaction 
illustrates the sulfur oxidation of the bacteria 
Tbiobacillus. At each dot, the presence of an enzyme 
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Once APS is formed it is phosphorylated by inorganic 
phosphate to ADP. Two ADPs are in turn required to produce 
one ATP and one AMP. This AMP is reduced by sulfite to 
regenerate APS. This cycle is Fox's only example of the 
formation of ATP and uses the equation: ' 
2 ADP----> ATP+ AMP 
Although pyrophosphate can be generated using active 
sulfate, which is designated with a sulfate group and a 
phosphate group, as a substrate, Fox does not indicate that 
pyrophosphate is used in the formation of ATP. He uses the 
above cycle instead. 
There are many problems with the two hypotheses 
discussed in this paper. De Duve's book, Blueprint for a 
Cell: The nature and origin of life, is a meticulous 
account of his hypotheses beginning with the prebiotic world 
and ending with the development of the cell. De Duve is 
very conscious of the conditions he believes are required 
for a reaction to favor a product and therefore it is easy 
to find problems or inconsistencies. 
One possible problem deals with the results of the 
Miller experiment. The conditions that he believed existed 
and attempted to recreate assumed certain concentrations of 
30 
gases based on the current gas percentages of new planets at 
that time. These assumptions enabled amino acids to be 
recreated assuming there was an adequate concentration of 
the elements of carbon, nitrogen, hydrogen, and oxygen 
supplied to allow these molecules to form. These were not 
assumed by Miller to be in trace element concentration, so 
no limiting reagent was assumed, and amino acids were 
present. Current studies show the possibility that low 
concentrations of gases such as methane and ammonia could 
have been problematic and therefore been less likely to form 
amino acids as easily (Radetsky, 75). 
A second possible problem deals with energy. De Duve's 
oxidation theory assumes that AMP+ PPi ----> ATP, using 
pyrophosphate as a precursor to ATP. This reaction requires 
2.4 kcal/g/molecule more than ADP+ Pi----> ATP. De Duve 
assumes that if the two equations in Figure 12 require more 
energy, then the energy barrier can be overcome by the 
presence of a high pyrophosphate concentration. 
31 
Figure 12: De Duve believes that the energy problea will be 
overcome by the fact that these two reactions require 
aore energy than others (De Duve, 155). 
0 0 
II II 
R'-S-C-R + AMP-OH R'-SH + AMP-O-C-R 
0 0 
II II 
AMP-0-C-R + PPi ATP+ R-C-OH 
From a physics point of view, any energy problem is 
extremely difficult to overcome. If both of the above 
reactions are reversible and require more thermodynamic 
energy, then there is a possibility that there may not be 
enough energy to force them to continue to go to the desired 
products. They may go the wrong direction. These reactions 
also assume a sufficient concentration of all substrates, 
including AMP and pyrophosphate, for the reaction to 
continue. 
32 
A third possible problem is the stability of organic 
molecules at the high temperature required for the reduction 
process to produce desired products. One should worry about 
protein degradation as well. Also, some consideration 
should be given to varying pH conditions. For example, De 
Duve cites Wieland's (1988) experiment that shows aminoacyl 
thioesters can produce amino acid chains in an aqueous, 
basic system. He then shows that the reductive formation of 
thioesters requires an acidic pH (De Duve, 113). 
A fourth consideration is the concentration of water. 
If the concentration is high, for example in an aqueous 
solution, then it can drive a reversible hydrolysis reaction 
the opposite way. This would include the reductive method 
of thioester formation. Substrate concentration would be a 
problem for all reversible reactions since so many 
substrates are assumed to be available. 
Most of the above problems are for the reductive 
thioester formation pathway, but the oxidative pathway has 
some as well. The first problem is the specificity of the 
reaction. This may not produce a substantial product and 
therefore reversible reactions may not go as desired, 
including thioester formation if the precursors are not 
present. 
33 
A second obvious problem again lies in the pH. The 
oxidation pathway requires a neutral pH whereas many believe 
an acidic pH existed at this time. This would also prevent 
the Wieland experiment at alkaline pH from occurring as 
stated previously when discussing reduction. 
The reason that such a variety of possible problems can 
be pointed out with De Duve•s hypothesis is because he goes 
to such great lengths to explain the conditions he believes 
were present for each reaction to occur. As with any 
hypothesis on the origin of life, a large number of 
assumptions must be made according to the availability of 
different substrates as well as the different conditions 
that could have occurred. As of now, there is no right 
answer as to either problem. Prebiotic conditions remain a 
mystery and it is very possible that they could have changed 
from one extreme to another either suddenly or over the 
course of the evolution of life. 
In contrast to De Duve's detailed hypothesis, Fox's 
hypothesis seemed very general. The main problem with his 
hypotheses was that his explanations were too vague, and 
therefore it is much more difficult to critique. He did not 
clearly explain the evolution of numerous substrates or the 
conditions required for their reactions nearly well enough. 
Plenty of room was left for speculation and it seemed at 
times that he was unwilling to commit to any specifics, 
possibly trying to include a wide range of opinions, but 
inevitably forcing his hypothesis, in comparison to De 
Duve•s, to appear to be substantially less thought out. 
A second problem with Fox's hypothesis is related to 
the energetic evolution he presented. In the beginning of 
his book, Energy and the Evolution of Life, he showed what 
he believed to be the evolutionary process for a few 
molecules. But this attempt in showing the evolution of 
some molecules seemed fragmented and lacked direction. 
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Using pyrophosphate as an example, although he showed its 
importance for energy, he neglected to show any relationship 
between pyrophosphate and ATP. One would think that since 
the primary importance of his book is energy and the energy 
of ATP is a necessity of the characteristics of life, that 
he would be thorough in the evolution of this molecule. 
In reflecting upon these two hypotheses, there are 
obvious differences in what was believed to be the role of 
thioesters. Both agree that some sort of sulfur-containing 
molecule was the key to the evolution of energy, but De Duve 
believes that power belonged to thioesters and Fox believes 
that sulfur proteinoids played this role. There is an 
obvious need for experimentation in this area, and many 
scientists are working diligently on defining parameters for 
conditions for experiments that can be recreated in the 
laboratory. Since there are so many theories that exist 
involving almost all possible types of conditions, even 
including the arrival of molecules from outer space, there 
is much disagreement as to what was possible millions of 
years ago. 
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The two hypotheses discussed in this paper are a minute 
sample of the relationships of different hypotheses to each 
other and to the evolution of life. Although many 
noteworthy accomplishments have been made, including those 
?f Stanley Miller, Fritz Lipmann, T. Wieland, A. L. Weber, 
Christian De Duve, and Ronald Fox, there is still much work 
left to do. 
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